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Nomenclature 


Csiocas Biogas cost (US$/kWh) 

CruEL Fuel cost (US$/kWh) 

Cop Operational cost (US$/kWh) 
CMAN Maintenance cost (US$/kWh) 
CH4 Methane “(-)” 

co Carbon Oxide “(-)” 

CO2 Carbon dioxide “(-)” 


(COz)e Equivalent carbon dioxide (k&emissions/K& fue1) 
Cp Specific heat at constant pressure (kJ/kg.K) 
dH Heat of formation (kJ/kmol) 

E Euler number “(-)” 

Ep2 Power supplied by hydrogen (kW) 


Efuei Power supplied by fuel (kW) 


Epiogas Power supplied by biogas (kW) 

Estgam Power supplied by steam (kW) 

f Annuity factor (1/year). 

H Equivalent period of operation (h/year) 
h Specific enthalpy (kJ/kmol) 

H2 Hydrogen “(-)” 


H2S Hydrogen Sulfide “(-)” 
H20 Water “(-)” 


Invęr Investment cost in hydrogen production system (US$) 
k Payback period (year) 

K Equilibrium constant “(-)” 

Kp Equilibrium constant in function of partial pressure 


“(J 
LHV Lower heat value (kJ/kg) 


1. Introduction 


Successive crises in energy and global warming have been 
instigating the study for more efficient technologies and renew- 
able sources of electricity generation. In this context, fuel cell has 
got particular attention. The great interest in hydrogen as an 
energetic carrier has been increasing, due to its high heating value 
and the low environmental impact of its use as fuel. The hydrogen 
can be used to generate electricity by a fuel cell and contributes to 
increase the distributed generation of energy, and to reduce 
emissions of pollutants into the environment. This energetic 
carrier does not directly emit pollutants, but it leads to indirect 
emissions, since it is found combined with other chemical com- 
pounds in nature, thus requiring energy to be isolated and, 
consequently, releasing pollutants into the environment. 

Among several hydrogen production processes, the steam 
reforming process, using natural gas, is widely used in chemical 
industries, and it is responsible for 50% of the hydrogen produced 
in the world [1]. The biogas can be an alternative raw material to 
conventional steam reforming technology. Biogas is similar to the 
natural gas, and has included additional benefits such as it is a 
renewable resource, it reduces emissions by preventing methane 
release in the atmosphere (methane is 21 times stronger than 
carbon dioxide as a greenhouse gas), and it is commercially 
produced in large quantities in anaerobic digesters and landfill 
gas recovery facilities designed to treat bio-wastes such as man- 
ure, sewage, energy crops, and organic matter. The biogas produc- 
tion also reduces landfill waste and produces nutrient-rich 
fertilizer as by-product [2]. 

The reform process consists in two reactors (reform reactor and 
shift reactor). In the reform reactor occur the catalytic reforming 
reactions of hydrocarbons, like methane, naphtha or ethanol with 
water (pre-vaporized by a steam generator). The products of these 


m Mass (kg) 

n Moles number (mol) 

Na Reactant a moles number (mol) 
Nb Reactant b moles number (mol) 
Nc Product c moles number (mol) 

Nd Product d moles number (mol) 
NOx Nitrogen oxide “(-)” 

P Pressure (atm) 

PM Particulate matter “(-)” 

Po Pressure at reference state (atm) 
Qi Fuel low heat value MJ/kg 

R Universal gas constant (kJ/kmol.K) 
r Annual interest rate (%) 

SO2 Sulfur dioxide “(-)” 

T Temperature (°C) 

To Temperature at reference state (K) 
T2 Reforming temperature (K) 

Yi Molar fractions of gaseous components “(-)” 


Greek letters 


a Advance degree “(-)” 

n Efficiency (%) 

AG? Gibbs energy variation (kJ/kmol) 
AH? Enthalpy change (kjJ/kmol) 

AS? Entropy change (kj/kmol.K) 

Tg Pollutant indicator (kg/MJ) 

e Ecological efficiency (%) 


reactions are Hz (main objective of the reform) and CO. In the shift 
reactor all CO produced in the reform reactor, react with water 
steam. The products of this reaction are Hz and CO2. So, in the end 
of the reform process, the main products are hydrogen (H2) and 
carbon dioxide (CO2) [3,4]. Based on this background the feasibility 
of the hydrogen production by biogas steam reforming process 
stands out in this paper. 


2. Biogas steam reforming technical analyses 


In the physicochemical analysis of biogas steam reforming, 
some calculations involving chemical and thermodynamics func- 
tions were performed, which made possible to find the optimum 
pressure and temperature of the reforming reaction, in order to 
optimize the construction of the reformer prototype. 

The analysis was based on the biogas obtained by the bovine 
manure biodigester located at the Laboratory of Optimization of 
Energy Systems (LOSE-UNESP); after the purification process, the 
composition of biogas was 75.7% of CH4, 24.3% of CO2, 

The biogas reform, according to the literature [5,6], was 
considered to be the methane steam reforming and the methane 
dry reforming (in the reform reactor, before of shift reactor) as the 
following reactions: 


CH4+H20 —> CO+3H2 (methane steam reformer) (1) 


CH4+COz— 2C0+2H>2 (methane dry reformer) (2) 


Considering 100 g of biogas (75.7 g of CH4 and 24.3 g of CO2) and 
that all CO, reacts in the dry reform, it was found that 8.83 g of 
CH, react in dry reform. So, considering that the CH, total is 75.7 g, 
the quantity of this component that reacts in the steam reforming 
is 66.9 g. Thus, the final reaction of biogas is composed of 66.9% of 
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steam reform and 33.1% of dry reform, as the reaction shown 5000 

below: 

0.669 steam reforming E 20 300 400 500 600 700 . 900 
+ 0.331 dry reforming = biogas final reforming (3) 


TCC) 


In the shift reactor all CO produced by steam reforming and dry 
reforming react with water steam and the products of these 


reactions are Hy and CO, as shown in the following equation [7]. 710090 


CO+H20 > CO2+Hz2 (shift reaction) (4) -15000 


AG(kJ/kmol) 


2.1. Variation of Gibbs energy -20000 


Gibbs energy is a thermodynamic function that predicts -25000 
whether a process is spontaneous or not. The variation of Gibbs 
free energy (AG°) depends exclusively on the initial and final Fig. 2. Gibbs energy of the shift reaction. 
states of the system. When the system is in a constant temperature 
and pressure and the substances involved are in standard condi- 
tion, we can calculate the Gibbs free energy as shown in the 
following equation [8,9]. | 


AG? = AH? + TAS? (5) 


20 - 


= K(Dry Reforming) 

15 4 = K(Methane Steam Reforming) 
If there is any phase changed in the range of the temperature (T) =~ K(Final Reforming) _ 
studied, the corresponding values of entropy (AS) and enthalpy (h) 

should be taken into account, leading to a generalized form of 

Gibbs Free Energy as shown in the following equation [10]: x 


AG? =a + bT.log T+ cT2 + eT-1+fT (6) 


when AG < 0 the reaction occurs in a direct and spontaneous way, 
when AG > 0 the reaction does not occur in a spontaneous way 
and when AG=0 the reaction is in equilibrium [9]. 

Fig. 1 shows the Gibbs free energy to the reactions that occur in 
reactor 1 (steam reforming, dry reforming and final reforming) 
and Fig. 2 shows the Gibbs free energy to the reaction that occurs 
in reactor 2 (Shift Reactor). T (©) 

As shown in Fig. 1, at around 650 °C, the Gibbs energy becomes Fig. 3. Equilibrium constant in reactor 1 as a function of temperature. 
null, indicating that the reaction is only possible at high tempera- 
tures, showing that this process is endothermic. In Fig. 2, until 
around 800 °C, the Gibbs energy is negative, indicating that the 10000 
reaction is only possible at low temperatures, indicating that this 
reaction is exothermic. 


400 450 500 550 600 650 70C 


8000 
2.2. Equilibrium constant analysis 
EERE F ‘ : : 6000 
The equilibrium constant associated with the reaction of biogas 
reforming and the formula that determines the mole fractions of x 
reactants and products can be expressed as indicated by the 4000 
following equations [8]: 
— p—(AG?/RT) 
K=e (7) 2000 
150000 
o 
400000 [G (Dry Reforming) 100 150 200 250 300 350 400 
| = \G(Methane Steam Reforming) T (C) 
—— AG(Final Reforming) . a i : 
50000 Fig. 4. Equilibrium constant in reactor 2 as a function of temperature. 
2 
id—na—nb 
x 0 nc ynd 7 p\nern —(AG? /RT) 
1 900 1000 1100 | =e 8 
2 a Po ( ) 
< .§0000 
n: 
y= (9) 
-100000 "Tor 
-150000 -= It was considered that the equilibrium constant (K) is equal to 


Fig. 1. Gibbs energy of the biogas reform. equilibrium constant in a function of partial pressure (Kp) [9] 
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Table 1 


Chemical equilibrium of methane steam reforming reaction and dry reforming. 


Methane steam reforming 


(a) 

CH4+H20 > CO+3H2 
Beginning: n n 0 
Number of moles: n°=n+n=2n 

Equilibrium: 
Number of moles: n(1—a) n(1—a) na 


(b) 


Methane steam reforming 
N equilibrium =N(1 — a)+n(1 — a)+na+3na=2n(1 —a@)+4na=2n+2na 


Total number of moles: 
n equilibrium =2N (1+a) 
n(1—a)/2n(1+a) 
(1—a)/2(1+a) 

Dry reforming 


Atomic fraction: 


Total number of moles: 
n equilibrium = 2N (1+a) 


n(1—a)/2n(1+a) 
(1 -a)/2(1+e@) 


Dry reforming 


CH4+CO> <> 2CO+2H> 

0 n n 0 0 
n°=n+n=2n 
Equilibrium: 


3na n(1—a) n(1—a) 2na 2na 


na/2n(1+a) 
a@/2(1+a) 


3na |2 n(1+a) 
3a/2(1+a) 


N equilibrium =N(1 — a)+n(1 — a)+2na+2na=2n(1 —a)+4na=2n+2na 


Atomic fraction: n(1—a)/2n(1+a) n(1—a)/2n(1+a) 2na/2n(1+a) 2na |2 n(1+a) 
(1—a)/2(1+a) (1—a)|2(1+a) a/(1+e) a/(1+e) 
Table 2 
Chemical equilibrium of shift reaction. 
CO+H20< CO,+H2 
(a) 
Beginning: n n 0 0 
Number of moles: n°=n+n=2n 
Equilibrium: 
Number of moles: n(1—a) n(1—a) na na 
(b) 
Total number of moles: N equilibrium=N(1 — a)+n(1 — a@)+na+na=2n(1 —a)+2na=2n 
n equilibrium = 2n 
Atomic fraction: n(1—a)/2n n(1—a)/2n 2na/2n 2na/2 n 
(1-a)/2 1-a)/2 a2 a2 


Table 3 
Equilibrium constant. 


Methane steam reaction ka Brr 
(342a)*(1—a) 
Dry reaction snr 
y — +a} (1-a} 


Final biogas reforming 
Shift reaction 


K= 0.669K;eforma a vapor+0.331K reforma a seco 


2 
zei 
Katy 


The equilibrium constant values as temperature function to 
Reactors 1 and 2 are shown in Figs. 3 and 4, respectively. 


2.3. Advance degree 


The Advance Degree (a) indicates the progress level of each 
reaction according to the temperature and pressure of the reac- 
tion, and it ranges between 0 (chemical reactions do not occur) 
and 1 (when all reactants are converted into products) [11]. 

A physicochemical analysis was performed in order to make 
this analysis more accurate. The equilibrium compositions of 
biogas steam reforming and dry reforming according to the 
temperature can be determined by setting the equilibrium of 
chemical reactions as shown in Table 1(a) and (b), respectively. 
Table 2(a) and (b) show the equilibrium compositions of shift 
reaction. 


Advance Degree 


100 200 300 400 500 600 700 800 900 1000 1100 1200 
TCO) 


Fig. 5. Behavior of the advance degree in different operating ranges (biogas final 
reforming reaction). 


Table 3 shows the equilibrium constants of the reactions. 

According to Castellan [12], the value of @ increases as the 
reaction occurs, reaching the limit value when one or more 
reactants are consumed. Thus, the limit value of the advance 
degree means the capacity in which the reaction happens. 
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The behavior analysis of the advance degree in different ranges 
of temperatures and pressures of the studied reactions (final 
biogas reforming and shift reaction) can be observed in 
Figs. 5 and 6 respectively. 

It can be noticed in Fig. 5 that, the advance degree of biogas 
reforming considerably varies, regardless of pressure, at operating 
temperatures above 500 °C. It can also be noticed that the advance 
degree tends to become constant in operating temperatures above 
700 °C, regardless of the pressure too. The best pressure for the 
conversion in all cases is 1 atm and the best temperatures are 
between 700 °C and 900 °C. In the case of shift reaction, it can be 
noticed in Fig. 6 that the conversion rate of reactants to products is 
not favored by high temperature; the pressure does not affect this 
process. At temperatures higher than 200 °C, the advanced degree 
starts to decrease. 

The temperature of natural gas steam reforming reported in the 
literature [13,14] was in the range of 800-1000 °C, next to the 
values calculated for the biogas. This is due to the fact that both 
fuels have the methane as its main component the methane. The 
same occurs in the shift reaction, in the literature the temperature 
found of the reaction ranges in 140-350 °C, value next to calcu- 
lated by physicochemical analysis [15,16]. 


3. Efficiency of biogas steam reforming 


The theoretical efficiency of steam reforming process was 
calculated, considering that the reform is not a continuous process. 
Therefore, a biogas storage tank between the biogas production 
sector and the reformer was considered. In this way, it is possible 
to assume the required biogas stream. 

In the calculation of the process efficiency, it was considered 
that the reactions occurs in both the reactors (reform reactor and 
shift reactor), since the process efficiency is according to the 
amount of hydrogen produced (Table 4). It also considered that 
the reform is composed of boiler and reactors, and the fuel used to 
produce steam was biogas, as shown in Fig. 7. 


Advance Degree 


TCC) 


Fig. 6. Behavior of the advance degree in different operating ranges (shift reaction). 


Table 4 
Stoichiometric reactions for the biogas reform. 


Steam reform (reactor 1) 

Dry reform (reactor 1) 

Shift reform (reactor 2) 

Global steam reform (reactor 1+reactor 2) 


To calculate the efficiency of the biogas reform process a mass 
balance was performed, as shown in Eq. (10). 

The total hydrogen produced was considered, according to the 
final reaction of the biogas (steam reforming+dry reform+shift). 
The biogas used in the reformer was calculated by considering the 
methane necessary to produce the amount of hydrogen, according 
to the final reaction of the biogas, plus the carbon dioxide of its 
composition. The biogas used in the boiler was calculated by the 
amount of steam necessary for the reform process, considering the 
boiler efficiency as 80% [17]: 


My, LH Vp, 
(Mbiogas reform LHV biogas reform) + (Mbiogas boiler LHV biogas boiler) 
(10) 


NRbiogas = 


where 


LHV p2: 119,742.48 kJ/kg [18] 
LHV cya: 49,934.28 kJ/kg [19] 


The LHV of biogas is calculated by the following equation [19]: 
LAV biogas = LHV methane'CH4 = 37, 850.2 kJ/kg (11) 


The efficiency of the reformer process was 80%. Comparing the 
efficiency of the biogas steam reforming with the traditional 
process (using natural gas), it can be noticed that the efficiency 
is almost the same. According to the literature [14] the efficiency of 
natural gas reforming is 85%. The little difference in the efficiency 
of both the processes can be justified by the fact that the amount 
of methane in natural gas is higher than in the biogas, and the 
methane is mainly responsible for hydrogen production in the case 
of steam reforming of both the substances. 


4. Economic analysis 


The economic analysis was based on the methodology devel- 
oped by Silveira et. al. [20]. It allows the evaluation of the 
attractiveness of the biogas steam reforming process by analyzing 
the investment, operation and maintenance costs, as well as the 
expected annual revenues to the commercialization of obtained 
products. 


Co, NO, PM 
-fttf-------- i 
| 
| E CO, 
HO, (Steam Boiler|——»| Reformer | | 
2Y] team — H 
— H,O | 
Ppa --F--- 
air Biogas Fuel Biogas to reforming 


Fig. 7. Systems of the reformer and the steam boiler. 


0. 669CH,4+0.669H20 > 0.669C0+1.983H2 
0.331CH4+0.331CO2— 0.662C0+0.662H2 
1.331C0+1.331H20 = 1.331C02+1.331H2 
CH4+2H20 > CO2+4H20 
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4.1. Hydrogen production cost 


The hydrogen production cost involves the investment cost 
(boiler, reformer and accessories), as well as the operation and 
maintenance costs. Eq. (12) was used to calculate the price of 
produced hydrogen: 

_ Invper*f 


Ch= 


te, + Cop + Cuan (12) 


The available power contained in the hydrogen generated from 
the reformer is calculated as follows: 


Ep, = muy, x LHV, (13) 


4.2. Operational cost 


The operational cost depends on the heat source and the used 
fuel in the reforming process. In the studied case, the biogas was 
considered as a fuel. The operational cost is obtained by the 
following equations. 


* * 
Č EFuEL CFUEL Egiocas CBiocas 


= + 14 

op Eu, Ei (14) 
Esiocas = Mgiocas x LHVgiocas (15) 
EfueL = MrueL x LHVfueL (16) 


According to Kothari et al. [21], the maintenance cost of the 
reforming system can be considered as 3% of the investment cost, 
as shown in the following equation. 


0.03 [PYRE f 


HES (17) 


Cuan = 
4.3. Annuity factor 


The annuity factor is calculated by the following equaions. 


_ gk(q—1) 


o (18) 
F 
q=1 +300 (19) 


The following considerations were assumed in this study: 


- The investment cost in a reformer system was considered as 
being US$ 15,000 (according to the experimental data). 

- Annual interest rate of 20% [22]. 

- Equivalent period of operation: H=5,110 h/year, 5,840 h/year 
and 6,570 h/year, considering 12 h, 14 h, and 16 h a day respec- 
tively and 365 days per year. 

- The low heating value (LHV) of hydrogen: 119,742.48 kJ/kg [18], 
methane: 49,934.28 kJ/kg [19] and for biogas: 37,850 kJ/kg [23]. 

- According to Tolmasquim [23], the biogas generation cost 
considered was US$ 0.0518/kWh. 

- The boiler efficiency was estimated as 80% [19] and the energy 
consumed by the reformer system was calculated using the 
following equation. 


EFUEL™M Boiler = ESTEAM (20) 


Considering a biogas reformer efficiency of 80% and the men- 
tioned boiler efficiency, the necessary biogas flow in the boiler to 


1.4 
S —#—H=5110h/year) J12 
B —@®— H=5840 h/year 
2 —a— H=6570 h/year) ] 
z 4 1.0 
jo} 
Oo 
i= 
2 4 08 
3 \ 
8 N ] 
a Ai 406 
Cc N Q 
S NNS | 
5 er +04 
È “Ss 
0.2 
(o) 2 4 6 8 10 
K (Year) 


Fig. 8. Hydrogen production cost as a function of payback period. 


0.45 5 
=i K=8 years, H=5110h/year 


=E K=8 years, H=5840 h/year 0.4 4 


== k=8 years, H=6570 h/year 


Hydrogen Production Cost (US$/kWh) 


r T T 0-45 T r 1 


-30% -20% -10% 0% 10% 20% 30% 


Fig. 9. Hydrogen production cost varying the main studied variables. 


produce 1 Nm? of hydrogen is 0.008 kg/h, and the biogas flow in 
the reformer is 0.34 kg/h. Then, the production cost of 1 Nm?/h of 
hydrogen by biogas reforming is shown in Fig. 8. 

It is possible to observe in Fig. 8 that, from 8 years onwards, the 
hydrogen production cost tends to be constant, meaning that the 
investment cost in the reform process was amortized. The better 
hydrogen production cost is for an operation period of 6570 h/year, 
showing that the higher operation period leads to reduce the 
hydrogen production cost. 


4.4. Sensitivity analysis 


The economic model analysis of a project requires the use of 
data considered as certain and constant however, this rarely 
occurs, because these data are estimated and they show a picture 
of the reality. In the case studied the main variables studied are the 
investment, operation and maintenance and each of these vari- 
ables could be modified over the time. Therefore, it is essential to 
apply a method that allows determining the influence of the 
variables change on the expected results of the process. Through 
the sensitivity analysis the intensity in which the main variables 
affect the final results of the projectis verified. Fig. 9 shows the 
sensitivity analysis of the principal variables in the hydrogen 
production cost through the biogas reforming process. 
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The analysis was performed for a variation range of + 30% from 
the values in the basic scenario of the principal variables for a 
payback period of 8 years. 

The 8 years, set for the basic scenario was chosen due to the 
fact that it is from this period the hydrogen production cost tends 
to be constant. In this context, as shown in Fig. 9, the hydrogen 
production cost ranges from 0.2 to 0.35 US$/kWh for 6570 h/year, 
from 0.21 to 0.50 US$/kWh for 5840 h/year and 0.24 to 0.43 US 
$/kWh for 5110 h/year. These values show that, in fact, the 
variables affect the final results of the project to have a margin 
of variation in the hydrogen production cost. 


5. Ecological analysis 


The ecological analysis was performed to evaluate how pollu- 
tant is a biogas reforming system. This analysis was based on 
concepts of equivalent carbon dioxide, pollutant indicator, and 
ecological efficiency. 


5.1. Equivalent carbon dioxide 


The equivalent carbon dioxide (CO2). is composed of an hypo- 
thetical pollutant concentration factor that is shown in Eq. (21). 
For the calculation of this coefficient, the maximum value for the 
CO» concentration is divided by the corresponding air quality 
standard for CO, CH4, NOx, SOz and PM [24]. 


(CO2)e = CO2 + 21CH, + 80SO + 50NO, + 67PM (21) 


5.2. Pollutant indicator 


The best fuel from the ecological standpoint is the one which 
produces lower emission of (CO2)e when used to generate energy. 
In order to quantify this environmental impact, the pollutant 
indicator (I,) is defined by the following equation [25]. 


(CO2 Je 
Qi 


Zg = (22) 


5.3. Ecological efficiency 


The ecological efficiency is an indicator which allows the 
evaluation of the systems performance, according to pollutants 
emissions, by hypothetically comparing the integrated pollutants 
emissions (CO2)e with the existing air quality standards. The 
conversion efficiency is also considered as a determining factor 
on the specific emissions, expressed by a fraction Eq. (23) which 
can be used for determining the ecological efficiency [24]: 


0.5 
RE 0.204 x neystem xX IN(135—Mg) (23) 
Nsystem +g 


where e comprises, in a single coefficient, the aspects that define 
the environmental impact intensity and it is in the range between 
O and 100%. The situation that is considered infeasible from the 
ecological point of view when e=0; however, e= 100 indicates an 
ideal situation from the same point of view [25]. 


5.4. Methodology and results 


The theoretical study of the biogas steam reforming considered 
that all energy consumed by the process was generated from a 
boiler fed by biogas. It was also assumed that the biogas was 
burned after the purification process described by the following 


Table 5 
Emissions during the biogas reform process. 


Elements Biogas combustion Steam reform 
(kg/kg of biogas) (kg/kg of biogas) 
(CO2)e 1.93 1.43 
Table 6 
Values of (COz)e, zg and e. 
(CO2)e (kgpottutants/Kgfuet); 3.36 
Ig (MJ/k8fue1); 0.089 
e (%) 94.95 


equation [26]: 


0.754CH, + 0.243CO2 + x(f02 + 3.76Nz) > CO3 + 1.51H20 
+3.7xpN2 + x(B—1)O2 (24) 


where £=1, 20 (biogas burning in boiler with 20% of excess air) 
[27] 

For the study of the environmental impact of this system, 
besides the emissions linked to the boiler, the emissions linked 
with steam reforming were calculated, and for that, the final 
stoichiometrical reaction of steam reforming was considered, as 
shown in the following equation. 


CH4+2H 0 > 4H2+CO> (25) 


The emissions of each process are shown in Table 5. 

With these emission values, it was possible to calculate the 
equivalent carbon (CO3)e, the pollutant indicator (M) and, con- 
sidering the overall efficiency of the reform process, it was 
possible to calculate the ecological efficiency (e), as presented in 
Table 6 

It can be noticed that the ecological efficiency is 94.95% which 
is a good value. This value could be higher if it is included in the 
calculus the negative environmental impact prevented, in the case 
that the biogas was released directly to the environment instead 
be reformed to produce hydrogen. 

The major difference between the emissions, during the natural 
gas and biogas reforming process, is that the emissions of CO» 
from natural gas reforming contribute to global warming and the 
CO, from biogas reforming does not. It can be explained by the fact 
that CO from biogas is from recently alive plant matter (even if it 
was fed to animals), it is part of a CO2 cycle — i.e. CO2 given off by 
burning biogas is absorbed by plants that will provide future 
biogas; besides that animal manures release methane into the 
atmosphere - about 10% of the methane emissions in the US come 
from animals, according to one survey [28]. Methane is a more 
potent greenhouse gas than CO», so it is a good idea to use it to 
produce hydrogen rather than releasing it. 


6. Conclusions 


According to the work developed, the steam reforming of 
biogas can be considered a feasible alternative for hydrogen 
production that decreases the negative environmental impact that 
causes the use of natural gas as a principal raw material for this 
purpose, but with similar levels of efficiency. Since the biogas has a 
composition similar to the natural gas, great changes in technol- 
ogy of steam reforming are not needed, since it is known that the 
natural gas is responsible for 50% of the world production of 
hydrogen. 
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The economical analysis showed that the hydrogen production 
cost decreases with the increase of the payback period and the 
equivalent period of operation, and can achieve 0.27US$/kWh with 
a payback period of 8 years. 

The calculation of Carbon Dioxide Equivalent and the Pollutant 
Indicator for the biogas steam reforming using biogas as a source 
of heat allowed the determination of the ecological efficiency of 
this type of hydrogen production process. The results of these 
analyses showed that the process of producing hydrogen by biogas 
steam reforming is an environmentally promising technology due 
to the high value of ecological efficiency, 94.95%, even without 
considering the cycle of COs. 

Finally, due to the fact that the biogas can be produced 
anywhere in large quantities and from different sources, and after 
an assessment of the hydrogen production by the biogas steam 
reforming process including the analysis of the technical aspects 
(reforming system, physicochemical analysis), economic aspects 
(cost of hydrogen production, US$/kWh) and ecological aspects 
involved in the process, it is possible to conclude that this is a 
technically and economically feasible technology for hydrogen 
production with a lower environmental impact than the produc- 
tion of this gas through the reforming of the natural gas. This 
study can contribute to the development of technologies fueled by 
hydrogen and could help decision makers to choose different 
routes for hydrogen production for the future projects. 


Acknowledgments 


This work was financed by FAPESP (São Paulo Research 
Foundation). 


References 


[1] Boyano A, Morosuk T, Blanco-Marigorta AM, Tsatsaronis G. Conventional and 
advanced exergoenvironmental analysis of a steam methane reforming reactor 
for hydrogen production. Journal of Cleaner Production 2012;20:152-60. 

[2] Kothari R, Tyagi VV, Pathak A. Waste-to-energy: a way from renewable energy 
sources to sustainable development. Renewable & Sustainable Energy Reviews 
2010; 14:2525-34. 

[3] Silveira JL, Braga LB, Souza ACC, Antunes JS, Zanzi R. The benefits of ethanol 
use for hydrogen production in urban transportation. Renewable & Sustain- 
able Energy Reviews 2009;13:2525-34. 

[4] Martelli E, Nordb LO, Bollandb O. Design criteria and optimization of heat 
recovery steam cycles for integrated reforming combined cycles with CO2 
capture. Applied Energy 2012;92:255-68. 

[5] Izquierdo U, Barrio VL, Lago N, Requies J, Cambra JF, Güemez MB, et al. Biogas 
steam and oxidative reforming processes for synthesis gas and hydrogen 
production in conventional and microreactor reaction systems. International 
Journal of Hydrogen Energy 2012;37:13829-42. 


[6] Effendi A, Hellgardt K, Zhang ZG, Yoshida T. Optimizing H2 production from 
model biogas via combined steam reforming and CO shift reactions. Fuel 
2005;84:869-74. 

[7] Reiyu Cheina R, Chenb YC, Chungc JN. Numerical study of methanol-steam 
reforming and methanol-air catalytic combustion in annulus reactors for 
hydrogen production. Applied Energy 2013;102:1022-34. 

[8] Van Wylen GJ, Sonntag RE, Borgnakke C. Thermodynamics fundamentals, 
5th ed., Sdo Paulo, 1998. In Portuguese. 

[9] Silveira JL, Sosa MI, Reis JA, Martinelli LC, Silva M. Ethanol steam reforming 
process: technical report of the cooperation project CEMIG - UNESP - 
UNICAMP, Guaratingueta, 2003. In Portuguese. 

[10] Sosa MI. Thermoeconomic analysis of natural gas steam reforming process. 
PhD thesis, La Plata Nacional University, La Plata, 2012. In spanish. 

[11] Silveira JL, Souza ACC, Silva ME. Thermodynamic analysis of direct steam 
reforming of ethanol in molten carbonate fuel cell. Journal of Fuel Cell Science 
and Technology 2008;5:021012. 

[12] Castellan G, Physical/chemical fundamentals, 1st ed., Rio de Janeiro, 1986. In 
Portuguese. 

[13] Nogarea DD, Baggiob P, Tomasib C, Mutric L, Canua P. A thermodynamic 
analysis of natural gas reforming processes for fuel cell application. Chemical 
Engineering Science 2007;62:5418-24. 

[14] Chaubey R, Sahu S, James O, Maity S. A review on development of industrial 
processes and emerging techniques for production of hydrogen from renew- 
able and sustainable sources. Renewable & Sustainable Energy Reviews 
2013;23:443-62. 

[15] Andreeva D, Idakiev V, Tabakova T, Ilieva L, Falaras P, Bourlinos A, et al. Low- 
temperature water-gas shift reaction over Au/CeO2 catalysts. Catalysis Today 
2002;72:51-7. 

[16] Francesconi JA, Mussati MC, Aguirre PA. Analysis of design variables for water- 
gas-shift reactors by model-based optimization. Journal of Power Sources 
2007;173:467-77. 

[17] Lora EES, Nascimento MAR. Thermal generation-planning, design and opera- 
tion, 1st ed., vol. 1, Rio de Janeiro, 2004. In Portuguese. 

[18] Villela IA, Silveira JL. Ecological efficiency in thermoelectric power plants. 
Applied Thermal Engergy 2007;27:840-7. 

[19] Chandraa R, Vijay VK, Subbaraoc PMV, Khura TK. Performance evaluation of a 
constant speed IC engine on CNG, methane enriched biogas and biogas. 
Applied Energy 2011;88:3969-77. 

[20] Silveria JL, Gomes LA. Fuel cell cogeneration system: a case of technoeconomic 
analysis. Renewable & Sustainable Energy Reviews 1999;3:233-42. 

[21] Kothari R, Buddhi D, Sawhney RL. Comparison of environmental and economic 
aspects of various hydrogen production methods. Renewable & Sustainable 
Energy Reviews 2008;12:553-63. 

[22] PREGA: Promotion of renewable energy efficiency and greenhouse gas 
abatement, 2008:(http://www.adb.org/Clean-Energy/documents/VIE-PFS-Oil- 
boiler-Replacemen.pdf). 

[23] Tolmasquim MT., Potential use of alternative sources in Brazil, 2013: ¢http:// 
www. riosvivos.org.br/arquivos/334125887.pdf). 

[24] Silveira JL, Lamas WQ, Tuna CE, Villela IAC, Miro LS. Ecological efficiency and 
thermoeconomic analysis of a cogeneration system at a hospital. Renewable & 
Sustainable Energy Reviews 2012;16:2894-906. 

[25] Coronado CR, Villela IAC, Silveira JL. Ecological efficiency in CHP: biodiesel 
case. Applied Thermal Engergy 2010;30:458-63. 

[26] Biogas, 2011: (http://homologa.ambiente.sp.gov.br/biogas/biogas.asp). 

[27] Lee TH, Huang SR, Chen CH. The experimental study on biogas power 
generation enhanced by using waste heat to preheat inlet gases. Renewable 
Energy 2013;50:342-7. 

[28] Esfandiari S., Khosrokhavar R., Sekhavat M. Greenhouse gas emissions reduc- 
tion through a biogas plant: a case study of waste management systems at 
FEKA dairy farm. Second international conference on environmental science 
and technology IPCBEE vol. 6, IACSIT Press, Singapore 2011. 


